Contact electrification measurements using atomic force microscopy techniques were performed using micrometer-sized spheres made of polystyrene and flat substrates of either freshly cleaved, highly oriented pyrolytic graphite ͑HOPG͒ or a 0.2-m-thick Au͓111͔ film grown on mica. The polystyrene/HOPG interaction exhibited significant electrostatic charging when compared to the polystyrene/Au system. This result is consistent with qualitative expectations of contact charging based on a triboelectric series of common materials. The observed contact electrification is also consistent with electronic charge transfer between materials, rather than an ionic or material transfer mechanism.
I. INTRODUCTION
The attachment of micrometer-size particles to atomic force microscope ͑AFM͒ cantilevers has received increasing interest since 1991. 1 One distinct advantage of this approach is that, by using a probe of known geometry, a quantitative comparison between experimental force curves and theoretical expectations becomes possible. The published work in this area has focused on two issues. One is the measurement of the surface force between a particle and a substrate immersed in a liquid. [2] [3] [4] [5] [6] [7] [8] [9] The other centers around quantitative measurements of adhesion between micrometer-size particles and substrates. The ability of an AFM-related technique to quantitatively measure lift-off forces in a controlled way is particularly appealing, since concerns about surface energies, 10 surface asperities, 11, 12 or the influence of applied electric fields 13 can be addressed. Recently, in an attempt to better understand the origin of adhesion forces, quantitative studies of the surface force interaction as a function of particle-substrate separation have been reported. 14, 15 In these studies, AFM techniques were used to measure the interaction force or force gradient between a spherical particle and a flat substrate. These measurements have revealed two dominant contributions to the interaction force: ͑i͒ a contribution due to localized contact charging of the particle's surface 16 and ͑ii͒ a contribution due to the van der Waals force. 17 The high precision in the AFMbased techniques described elsewhere 14, 15 allows for the study of contact electrification between materials, providing sensitivity to charge transfer of ϳ10 electrons. Analysis of data relies on three parameters: H, the Hamaker constant; R eff , the contact radius formed between the particle and substrate; and Q, the charge transferred between the particle and substrate.
These prior measurements, made using a highly oriented pyrolytic graphite ͑HOPG͒ substrate and individual polystyrene spheres, indicated that for sufficiently small surface-tosurface separations, the van der Waals contribution dominates over that due to any localized charge. In this study, the origin of the contact electric charging is further studied by performing more systematic experiments to measure the charge acquired by a micrometer-size polystyrene sphere touched to different substrates. The charge transferred is found to be qualitatively consistent with the position of the relevant substrates in a triboelectric series. At a more fundamental level, we also find that the amount of charge transferred is consistent with expectations related to the position in energy of available electron states for the two substrates.
II. EXPERIMENT
The AFM-based equipment used here was a home-built system housed in a stainless steel chamber employing an optical beam detection technique. 10 A detailed discussion of the interaction force or force gradient data can be found elsewhere.
14 In this study, measurements of the interaction force and force gradient were performed in a moderate vacuum ͑ϳ10 mTorr͒ after repeatably purging the stainless steel vacuum chamber housing our AFM system with dry nitrogen gas. In this way, we have attempted to eliminate the possibility of significant contamination of the surfaces with adsorbed water and hydrocarbons.
Contact electrification measurements were made by attaching ϳ5 m radius polystyrene spheres to AFM cantilevers and touching them to different atomically flat substrates. The two substrates were freshly cleaved, HOPG and a 0.2-m-thick Au͓111͔ film evaporated on a mica substrate. These substrates were chosen because they are reasonably inert and can easily be prepared in an atomically flat motif. These two features minimize concerns about both unknown surface contamination and unwanted material transfer upon contact. The efficacy of this approach has been validated in previous studies using the same experimental apparatus which have shown that lift-off measurements scale as ex- The technique for producing flat Au films followed a procedure described elsewhere. 18 It is known that by evaporating Au onto a substrate ͑mica͒ held at a temperature of ϳ400°C and at a deposition rate of ϳ0.1 nm/s, a metallic film with a Au͓111͔ orientation is produced. Scanning tunnel microscope ͑STM͒ images of representative films prepared in this way revealed continuous films comprised of interlocking grains having atomically flat plateaus on the order of 100-300 nm in diameter. STM studies of the flat plateaus revealed atomically flat steps with step densities estimated to be on the order of 0.2-1.0ϫ10 6 cm Ϫ1 . During the course of data acquisition, a sequence of contacts were made between the polystyrene sphere to the substrate using an applied load of approximately 10 nN. A fixed contact time of approximately 1 s was also used to insure that an equilibrium contact had been established. As shown in previous studies, the radius of contact between sphere and substrate for these small loads is typically less than 100 nm ͑see R eff in Table I͒.   11 Using the techniques developed, 14, 15 it is possible to detect charging of a single micrometer-size polystyrene sphere when it contacts a substrate. If charging occurs from contact with the substrate, these techniques may be used to determine the amount and distribution of charge using simple models.
The polystyrene spheres were formed in a process known as ''limited coalescence.'' A monomer is dispersed in a nonpolar solvent such as hexane and the polymer is formed by blending in a chemical initiator which forms free radicals at the ends of the chain. There is also a reaction terminator, which will react with free radical ends to terminate the reaction. Obviously, the longer the chains, the fewer the chain ends available so the higher the probability that the terminator will stop the reaction. This limits the molecular weight of the polymer. The polymer solution is also dispersed in an aqueous medium and would, therefore, tend to coalesce into a large mass. However, by adding submicrometer particles such as silica, the tendency to coalesce is limited. By varying the silica concentration, the size of the particles is controlled. After forming, the particles are dried and the silica is removed by washing in a concentrated solution of KOH. The spherical particles are then thoroughly rinsed to neutral pH in distilled water and dried.
III. RESULTS
Since the spherical particles are small and loads of less than 100 nN are applied, only a small region of contact to the substrate occurs. 19 According to the Johnson, Kendall, and Roberts ͑JKR͒ model for adhesion, 20 contact areas are typically on the order of R eff 2 Ӎ10 4 nm 2 .
14 For the studies reported below, the pressure applied to the contact region on contact may be sufficient to induce a plastic response in the contact region, 21 but no significant distortion of the sphere is likely to occur. For the materials used, the pressure applied during contact is approximately 10 MPa. The elastic modulus of polystyrene, Au, and HOPG are 3, 80, and 17 GPa, respectively.
In order to investigate charging effects, two substrates HOPG and Au͓111͔ were carefully selected. Both substrates were chosen to be conducting in order to use an image force to describe the electrostatic interaction. From a standard triboelectric series of materials commonly found in the literature, [22] [23] [24] [25] it is known that polystyrene touched to graphite should produce a large charge separation, while for polystyrene on a noble metal like Au, the charge transfer should be minimal. The physical basis for this qualitative observation is based on the location in energy of charge traps located in polystyrene. Polystyrene has a band of acceptor states located between 3.5 and 5.0 eV below the vacuum level. 26 For Au͓111͔, (ϭ5.3 eV͒, 27 the Fermi energy is below the acceptor states in the polystyrene and one would not expect significant charge transfer to occur at room temperature. 28 On the other hand, for HOPG, with a work function of 4.7 Ϯ0.2 eV, [29] [30] [31] charge transfer to the acceptor states can occur. A schematic energy diagram that summarizes this situation is given in Fig. 1 .
The experiments were performed by first mounting a sphere ͑nominal radius of 5 m͒ onto an AFM cantilever 10 and then touching the sphere to the substrate. This initial touch serves two purposes. First, it allows for charge transfer between the substrate and sphere. Second, it provides an ab- solute z-calibration when the surface-to-surface separation was equal to zero. The experimental force curves obtained upon reapproaching the substrate after first touching the sphere to either the HOPG and Au substrate showed a distinct difference. For the case of polystyrene on HOPG, a long-range force consistent with charge localized at the point of touching is observed. 14, 15 For polystyrene on Au͓111͔, no significant long-range electrostatic force was detected and forcegradient measurements showed a predominately van der Waals interaction. Representative force curves are shown in Fig. 2 .
The data were further analyzed and the amount of charge transferred on contact was determined by fitting the measured force gradient data using an interaction force model discussed previously. 14, 15 The amount of charge required to fit the data for the two cases studied was considerably different. The results are summarized in Table I .
One conclusion reached from this experiment is that minimal contact electrification occurs for the polystyrene/Au system. It was determined that multiple contacts between the polystyrene and Au showed no significant change in the interaction force. From the force measurements, there is no significant charging even after 70 contacts with the Au substrate. While the force gradient data requires a small amount of charge ͑ϳ50 e Ϫ ) to fit the data ͑see Table I͒ , this value does not change after repeated contacts. The predominant interaction force is found to be a van der Waals interaction. This behavior can be contrasted to the polystyrene-HOPG system which exhibited continued charging after every contact. By fitting data from force measurements made after consecutive contacts with the substrate, an estimate of the amount of charge per contact can be determined. While contact charging is observed for any polystyrene sphere/ HOPG interaction, the rate of charging seems to vary from sphere to sphere. In general, the charging observed is linear, with a rate varying from ϳ2 to 20 electrons per contact.
One further check was made to test whether these results might be anomalous. After touching a polystyrene sphere to Au, the Au substrate was replaced by a freshly cleaved substrate of HOPG. Subsequent measurements indicated that contact electrification did occur after the first contact of the polystyrene sphere with the HOPG substrate.
IV. DISCUSSION
The mechanism of charge transfer between two arbitrary materials has remained a subject of debate. There are three models for describing the charge transfer mechanism: electron transfer, ion transfer, and material transfer. [32] [33] [34] [35] For the well-characterized experiment performed here, the observed behavior is consistent with the transfer of electrons as discussed in Fig. 1 .
It is unlikely that the transfer of fugitive material is responsible because the particles were cleaned with high-purity methanol and the substrates were freshly prepared prior to measurements. In addition, the effect of a material transfer might be apparent from distortions in the unloading curves acquired during the course of force measurements. Lift-off forces of polystyrene spheres from HOPG are known to be small ͑ϳ20 nN͒ 11 and are roughly a factor of ten larger than the force required to break a single polymer chain. It can be concluded that chain breaking and subsequent material transfer would be evident in the lift-off force data taken during the course of these experiments. However, in this study, none were observed.
It is possible that charge transfer results from existing ions in the polystyrene material. However, the data obtained here do not support the ion transfer model for several reasons. First, the ionic model is inconsistent with the increase in charge as a function of contact to the HOPG substrate but not to Au. If ion transfer from the polystyrene sphere to the substrate is occurring, it should be observed for both substrates. Also, since the experiments are performed in a moderate vacuum environment after purging with dry nitrogen, the effect of an absorbed water layer in transporting ions is not a significant factor. 22 Finally, if the assumption that the observed charging is related to ions distributed on the polystyrene surface ͑for example, as a result of sample preparation͒, one might expect to measure a uniform charge distri-
Representative plots of the measured force acting between a 5-mradius polystyrene sphere mounted on a cantilever and ͑a͒ a HOPG substrate and ͑b͒ a Au͓111͔ substrate. The data were taken upon approach after the sphere was touched to each substrate and withdrawn. The long-range interaction observed after touching the HOPG substrate is consistent with the electrostatic force produced by charges localized at the bottom of the polystyrene sphere. For the Au͓111͔ substrate, a careful analysis of the force gradient data just before jump to contact indicates a van der Waals interaction is the dominant contribution to the net interaction force. Note the change in scale of the abscissa between the two sets of data.
bution over the sphere. Such a charge distribution is not consistent with our force gradient measurements.
It can be concluded that for the systems studied here, the transfer of material or ions between sphere and substrate is not significant and the contact charging observed is related to the electronic states available for charge transfer.
V. SUMMARY
Measurement of the force gradient for each system studied clearly shows a significant difference in the interaction force governing the particle-substrate interaction. For the polystyrene-HOPG system, the behavior is dominated by a localized electrostatic force. Alternately, the polystyrene-Au system indicates a behavior dominated by a van der Waals interaction, with little contribution from charging. These results are consistent with expectations based on the availability of electron states as well as the position of the relevant materials in a triboelectric series.
From this study, it is reasonable to conclude that the observed charging of a micrometer-size polystyrene sphere is consistent with electron transfer into trap states in the polystyrene sphere upon contact with an HOPG substrate. The experiment shows that most of the states fill upon initial contact with the substrate. Subsequent contacts give rise to a linear increase in the amount of charge transferred.
In conclusion, using AFM techniques to investigate the force of interaction between micrometer-size spheres and substrates, we have identified the process responsible for contact electrification of the polystyrene/HOPG system. Such studies are useful because they provide further insight into the factors influencing adhesion of small particles to substrates. The techniques described are generally useful for quantitative studies of frictional charging provided well characterized, micrometer-size particles of known shape and composition are used.
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